Background: Antagonistic activation of abdominal muscles and increased intra-abdominal pressure are associated with both spinal unloading and spinal stabilization. Rehabilitation regimens have been proposed to improve spinal stability via selective recruitment of certain trunk muscle groups. This biomechanical analytical study addressed whether lumbar spinal stability is increased by such selective activation. Methods: The biomechanical model included anatomically realistic three-layers of curved abdominal musculature, rectus abdominis and 77 symmetrical pairs of dorsal muscles. The muscle activations were calculated with the model loaded with either flexion, extension, lateral bending or axial rotation moments up to 60 Nm, along with intra-abdominal pressure up to 5 or 10 kPa (37.5 or 75 mm Hg) and partial bodyweight. After solving for muscle forces, a buckling analysis quantified spinal stability. Subsequently, different patterns of muscle activation were studied by forcing activation of selected abdominal muscles to at least 10% or 20% of maximum. Findings: Spinal stability increased by an average factor of 1.8 with doubling of intra-abdominal pressure. Forcing at least 10% activation of obliques or transversus abdominis muscles increased stability slightly for efforts other than flexion, but forcing at least 20% activation generally did not produce further increase in stability. Forced activation of rectus abdominis did not increase stability. Interpretation: Based on analytical predictions, the degree of stability was not substantially influenced by selective forcing of muscle activation. This casts doubt on the supposed mechanism of action of specific abdominal muscle exercise regimens that have been proposed for low back pain rehabilitation.
Introduction
Several differing concepts of lumbar spinal instability have been linked to causes of low back pain; here instability is defined as buckling of the spine. Spinal buckling provides a credible explanation for sudden onset back pain resulting from a 'self-injury' mechanism during sub-maximal efforts (Cholewicki and McGill, 1996) . Such instability might occur if the paraspinal muscles are not successfully coordinated to prevent buckling episodes. It is known that the ligamentous spine is inherently unstable (Crisco et al., 1992) , indicating that well coordinated muscle activity is required to maintain spinal stability. Spinal buckling has never been clearly documented in vivo, although cine-radiographic recording of an abnormally large intervertebral flexion associated with sudden onset pain in a weight-lifter, attributed to the subject starting in an awkward position was reported anecdotally by Cholewicki and McGill (1992) . Experiments in which spinal instability is deliberately produced and documented in living humans whose muscles are active are probably not feasible.
Since buckling instability of the spine cannot be investigated experimentally in living subjects, structural analyses have been employed to analyze possible buckling mechanisms. Spinal buckling and stability were analyzed quantitatively by Bergmark (1989) in an analysis of the lumbar spine that included short (local) and global (long) trunk muscles. Activation of muscles increases their stiffness, so antagonistic activation provides a way to increase stiffness and stability. Apparently antagonistic activation of abdominal muscles is observed in extension, lateral bending and axial rotation (Thelen et al., 1995) . In addition to their presumed role in maintaining lumbar stability, activation of all of the abdominal wall muscles is associated with intra-abdominal pressurization, whose exact function is unclear but is thought to reduce spinal loading as well as to stabilize the spine (Arjmand and Shirazi-Adl, 2006; Cholewicki et al., 1999a) .
The concept that abdominal wall muscle activation and associated rise in intra-abdominal pressure (IAP) increase lumbar spinal stability has been supported by experimental studies (Hodges et al., 2003) and analytical studies (Cholewicki et al., 1999a; Gardner-Morse and Stokes, 1998; Kavcic et al., 2004) . Wearing a corset or belt evidently increases stability (Cholewicki et al., 1999b; Ivancic et al., 2002) . However, prior analyses of the stabilizing effects of altered or augmented abdominal muscle activity have employed arbitrary values of abdominal muscle activation, and have not examined different patterns of activation or considered the relationship among abdominal wall forces and the internal pressure in a 'pressure vessel' analysis. Additionally, prior studies have not included anatomically realistic abdominal wall geometry and most have not included the transversus abdominis (TA) muscle, which is proposed to play a key role in maintaining lumbar stability (Hodges and Richardson, 1996) . Since the tension in the abdominal wall is related deterministically to the intra-abdominal pressure, these two variables should be linked in any analysis, and the geometry should include curved abdominal muscle paths.
Clinically, a link has been sought between abnormal or impaired function of 'stabilizing' muscles and the onset and persistence of low back pain, and rehabilitation programs have been developed to target these muscles. Observations of a decrease in cross sectional area of the multifidus muscles (Barker et al., 2004; Hides et al., 2008; Hodges et al., 2006) , altered activation of abdominal wall muscles during anticipatory postural adjustments (Hodges and Richardson, 1996; O'Sullivan et al., 1998) and delayed trunk muscular responses during automatic postural responses (Radebold et al., 2000 (Radebold et al., , 2001 van Dieën et al., 2003) in people with low back pain have provided a rationale for the development of a specific lumbar stabilization exercise approach to encourage people with low back pain to activate deep abdominal and multifidus muscles preferentially. The selective training of the transversus abdominis (TA) muscle ('specific stabilization exercises') has been recommended (Costa et al., 2009; O'Sullivan, 2000; O'Sullivan et al., 1997; Richardson et al., 2004) . The rationale for the targeted voluntary activation of the deep abdominals (namely the TA and internal oblique muscles) is based on a theory that purports: (1) these deep abdominal muscles play a unique role in contributing to lumbar stability, (2) motor control impairments of these muscles contribute to spinal instability and (3) stability and control of the spine are altered in people with low back pain. The goal of the specific stabilization exercise regimen is to ameliorate specific abdominal muscle impairments (e.g., delayed TA activation), restoring the ability of these muscles to provide lumbar joint protection and therefore lumbar stabilization (Richardson et al., 2004) . Stabilization exercises have been criticized because it is unclear that certain muscles, such as the TA, are more important for stabilization of the spine than other muscles (Lederman, 2010; McNeill, 2010) . Additionally, a mechanical analysis of spinal stability associated with 'brace' or 'hollow' abdominal muscle activation strategies (Grenier and McGill, 2007) did not support this exercise approach.
The purpose of the present study was to examine the effects of differing abdominal muscle activation patterns on spinal stability in an analytical model. The model was used to simulate the forced activation of each of the three components of the abdominal wall (the transversi, the internal and external obliques, and rectus abdominis, bilaterally) by setting their minimum activation to either 10% or 20% of maximum activation. The findings were used to test the hypothesis that the stability of the lumbar spinal column would be increased in each case by forcing muscle activation to exceed 10% or 20%.
Methods
A biomechanical model of the spine and its musculature (Stokes et al., 2010) was employed to analyze spinal stability during generation of moments (efforts) about the trunk with differing patterns of abdominal muscle activation. This biomechanical model included 111 symmetrical pairs of muscle 'slips' (77 pairs of dorsal muscle slips including psoas, 11 pairs each of internal oblique, external oblique and transversus abdominis, and one pair representing rectus abdominis), and 5 lumbar vertebra (between the fixed pelvis and rigid thorax). Vertebrae were linked by flexible intervertebral joints whose stiffness in six degrees of freedom was specified (Gardner-Morse and . Published values of muscle cross-sectional areas and active and passive stiffness properties were assigned (Stokes et al., 2010) . The diaphragm and pelvic floor were assumed to be rigid (isometric) and the diaphragm was attached to a rigid thorax, hence details of their structure and deformations were not included in the analyses (Fig. 1) .
The model was loaded in turn with flexion, extension, lateral bending or axial rotation moments in increments of 20 Nm up to 60 Nm, along with IAP increasing in the same proportional steps up to 5 or 10 kPa (37.5 or 75 mm Hg) and partial bodyweight (340 N) (Schultz, 1990) . These loading conditions corresponded to a person attempting to generate an effort opposing the externally applied moment, and with IAP increasing linearly with the magnitude of the external effort. Any complex quasi-static task involving the trunk can be considered as an effort generating forces and moments on the trunk that can be partitioned into three forces and three moments. Forces (other than superimposed bodyweight) were not analyzed here separately since their effect is generally small compared with that of the moments. The magnitudes of pure moments (up to 60 Nm) about each of the principal axes were equal to average maximum efforts reported for women making maximum voluntary efforts in axial rotation (other effort directions can generate higher moments, Stokes and Gardner-Morse, 1995) . The muscle activations were calculated in an optimization scheme by which both muscle stress and stretch were minimized (Stokes and Gardner-Morse, 2001; Stokes et al., 2010 ) via a cost function. The optimization scheme respected that muscle tension was between zero and a physiological maximum corresponding to 0.46 MPa and was subjected to constraints on relative intervertebral displacements and muscle stresses (Stokes et al., 2010) . In the Baseline analyses no other constraints were imposed on muscle activation.
Subsequently, different patterns of abdominal muscle activation were studied by forcing at least 10% or 20% of maximum activation of either (1) transversus abdominis or (2) the internal and external obliques, or (3) rectus abdominis, by setting the desired level of activation as a lower bound in the calculation of muscle forces while the activations of the other abdominal muscles were not constrained. In these analyses the intra-abdominal pressure was held at the same previously prescribed levels (increasing in steps proportional to the moment effort up to 5 or 10 kPa).
After solving for the muscle forces to achieve static equilibrium in each loading case, an analysis of spinal buckling was performed. The activation dependent stiffness of the 111 pairs of muscles was increased by a factor of four to represent 'short range stiffness', using q =4 in the expression stiffness = q × muscle force / muscle length as proposed by Bergmark (1989) , and as used by others (Crisco and Panjabi, 1991; Gardner-Morse et al., 1995) in stability analyses. Static condensation (McGuire and Gallagher, 1979; Paz, 1985) was used to limit the number of analyzed buckling modes to the 36 degrees of freedom of the spine (i.e. to exclude possible buckling of the abdominal wall). Potential buckling was determined by finding the eigenvalues of the combined elastic and geometric stiffness matrix of the model (Bergmark, 1989) . The stiffness matrix was assembled by including the stiffness of the spinal motion segments and of the muscles . The value of the smallest eigenvalue in this buckling analysis was used as a measure of the spine's stability. The spine would be unstable if the lowest eigenvalue was less than zero, metastable if the lowest eigenvalue equaled zero and stable if the lowest eigenvalue was greater than zero. In each loaded state, the buckling mode shape for each eigenvalue was specified by the corresponding eigenvector. The mode shape corresponding to the smallest eigenvalue (the most likely buckling mode) was examined in each loading state.
Sensitivity analyses were performed with altered geometrical and muscle activation-dependent stiffness parameters. The purpose of these analyses was to test the robustness of the analyses, rather than to investigate effects of differences in anatomy, etc., representative of variations in the human population. In the 'Baseline' model and models with forced muscle activation the model parameters were set to the presumed correct values. In the sensitivity analyses these parameters were changed systematically to evaluate the effects on the model stability. To test for sensitivity to abdominal wall geometry, the inclinations of the oblique muscles were changed to first to 37.5°a nd then to 53°relative to the horizontal (compared to 45.5°in the 'Baseline' model). The amount of abdominal wall bulge was set to 0 or 15 mm (compared to 10 mm in the Baseline model). The activationdependent muscle stiffness parameter q in the expression stiffness = q × muscle force / muscle length was set to either 2 or 8 (it was 4 in the Baseline model).
Results
The 'Baseline' model predicted that the spine was increasingly stable with increased IAP (see Table 1 ). The spinal stability as measured by the smallest eigenvalue was on average 1.8 times greater with doubling of the IAP (from 5 kPa to 10 kPa at the 60 Nm effort, and pro-rated at lesser efforts), and was always stable at both pressurizations of the 'Baseline' model.
With forced minimum 10% activation of either the obliques or transversus muscles the spinal stability generally increased only slightly for efforts other than flexion, but forced activation of rectus reduced the stability in more cases than it increased stability. A further increase to minimum 20% activation did not produce further increase in stability ( Table 1 ). In half of the 144 cases with forced activation of abdominal muscles listed in Table 1 there was an increase in stability relative to the 'Baseline' model. However, the mean change in the stability (as measured by the smallest eigenvalue) was generally negative (indicating a reduction in stability). The mean change was positive, indicating an increase in stability, for forced activation of the obliques to at least 20% of maximum activation, and at least 10% activation with the lower intra-abdominal pressure. With respect to the direction of the external effort, lateral bending and extension efforts were associated with increases in stability with forced muscle activation, while the opposite was observed for the flexion and axial rotation efforts.
The buckling modes observed for each of the loading conditions involved predominantly a single vertebra that was displaced and rotated, which is a buckling mode that might be associated with local tissue injury (e.g. Fig. 2 ).
In the 'Baseline' model, activation of the abdominal muscles was predicted in all four effort directions, with activation magnitudes comparable with reported values from electromyographic (EMG) studies (Grew, 1980; Mairiaux and Malchaire, 1988) . The greatest activation at the 60 Nm effort magnitude was for the flexion effort with activation of 22% for external obliques and 34% for internal obliques although rectus and transversus muscles were not activated in this case (Table 2) . Then, forcing activation of all the elements of respectively the obliques, transversus and rectus to at least 10% or 20%, produced an alteration in the distribution of muscle activation between these groups. With these forced selective activation of abdominal wall muscles there were generally small reductions in the activation of the other abdominal muscles. Averaged over the muscles whose activity was not forced, there was a mean reduction of percent activation of 0.01 for lateral bending effort of 60 Nm, 1.3 for extension effort of 60 Nm, −0.6 (i.e. a mean increase) for flexion effort of 60 Nm and 0.9 for axial rotation effort of 60 Nm ( Table 2 ). The forcing of Table 1 Model calculated values of spinal stability (as measured by the smallest eigenvalue; negative eigenvalue indicates instability) for four trunk effort directions (moments) of 20, 40 and 60 Nm, with intra-abdominal pressurization of 5 or 10 kPa at 60 Nm effort (pro-rated for lesser efforts). Values of the eigenvalues are given for the 'Baseline' condition and twelve conditions of forced minimum abdominal muscle activation. Note: the '+' symbol indicates an eigenvalue that is greater than the corresponding 'Baseline' value (i.e. more stable than 'Baseline'). The missing values in this table are for conditions with no plausible analytical solution, attributed to the abdominal wall activation required for spinal equilibrium in turn requiring abdominal pressurization greater than that specified. abdominal muscle activation was generally associated with a small (average 3%) increase in the spinal compression force (Table 2 ). This analytical model was previously reported (Stokes et al., 2010) to predict a reduction in spinal compressive force with increase in IAP from 5 to 10 kPa when abdominal muscles were not selectively forced to be active.
In the sensitivity analyses that tested the 'robustness' of the analyses, the stability of the model was altered by small amounts relative to changes in the abdominal wall shape (abdominal bulge and helix angle of obliques) or to changes in the muscular activationdependent (short range) stiffness. For the variations in abdominal wall geometry, the smallest eigenvalue (measure of spinal stability) Fig. 2 . Mode of buckling of the model for a typical loading example (extension effort, IAP = 5 kPa); left: initial undeformed geometry. Right: deformed (buckled) geometry. The vertebrae are shown symbolically to indicate where they have displaced to in the buckled mode relative to the initial geometry. The shape of the vertebrae and properties of ligaments and discs were held constant in the analyses, and the elastic properties of each motion segment (two vertebrae and intervening disc and ligaments) were represented by a stiffness matrix.
Table 2
Spinal compression forces (Newtons) and muscle activations (percent of maximum) for an effort of 60 Nm in each of the four principal effort directions (lateral bending, extension, flexion and axial rotation) with IAP = 10 kPa, for the four muscle activation strategies: Baseline, transversus N 10%; obliques N 10%; and rectus N 10%. Lt = left side muscles and Rt = right side muscles.
Spinal compression force (N) External obliques
Internal obliques Transversus Rectus increased in 11 cases, and decreased in 21 cases in the 32 permutations that were tested (2 pressures and 4 loading directions; 2 variations of the bulge and 2 variations of the fiber angle of the obliques). The changes were less than 20% in 12 of 32 cases, and there were only 2 cases of predicted instability for a case that was stable in the Baseline condition (for flexion effort with 5 kPa IAP). When the activation dependent muscle stiffness was halved or doubled, the smallest eigenvalue generally changed less than 10% (in 92 of 112 loading direction, IAP, and forced muscle activation permutations examined). In these 112 permutations there were no cases of predicted instability with alteration of the muscle stiffness.
Discussion
In these analyses, spinal stability increased with increased abdominal pressurization. However, the degree of stability was not substantially influenced by forcing either transversus or obliques to be active, at either 10% or 20% of maximum activation. This casts doubt on the proposed mechanism of action of specific lumbar stabilization exercise regimens that have been proposed for low back pain rehabilitation. In fact, in some cases forced increased activation of abdominal muscles produced decreased lumbar stability. This key finding indicates that intra-abdominal pressure increases stability, but forcing component parts of the abdominal wall (transversus, obliques or rectus) to be preferentially active does not systematically increase stability. No patterns associating forced activations with either an increase or a decrease in stability were identified, and both increases and decreases were observed in approximately equal numbers.
The findings reported here are considered to be 'robust', because the sensitivity analyses showed that the calculated spinal stability was altered minimally compared to changes in the muscle stiffness (and model geometry parameters).
Since these findings were obtained from an analytical model, several limitations should be noted. While human activities involve an infinite number of permutations of forces and moments, the current study employed three pure moments (about each principal axis) of magnitudes up to 60 Nm to provide a representative and objective sample of realistic activities. The greatest effort about each axis that was analyzed (60 Nm) is equal to average maximum efforts reported for women making maximum voluntary efforts in axial rotation (other effort directions and male subjects can generate higher moments) , so it is considered representative of the range of efforts in every-day life.
The analysis used anthropometric data as compiled by Stokes and Gardner-Morse (1999) . These values correspond to an averaged adult skeleton, and with muscle cross sectional areas taken from anatomical dissections and from the male and female 'Visible Humans'. No attempt was made to vary these values to represent people of different body types, and the values used may be quite representative since values the size and position of the muscles of people having differing body mass index vary by only about 10% (Wood et al., 1996) . The magnitude of the intra-abdominal pressure expressed as a ratio of the moment (effort) was 0.6 kPa per Nm when the pressure was 10 kPa, which is a physiological ratio according to Stokes et al. (2010) .
The diaphragm must also be activated to support any pressure differential between the abdomen and the thorax. In these analyses the diaphragm and pelvic floor muscles were considered to be rigid (i.e. isometric), so the stress in them and the relative roles of their activation and possible elastic strains associated with tissue stretching were not considered, since under isometric circumstances they would not affect the spinal stability.
The analytically derived muscle activations and recruitment patterns were based on hypothetical muscle stress and strain optimization employing a 'cost function' approach. These only represent one of a potentially huge number of individual activation patterns that might be employed by humans, and coactivation patterns among the entire muscle set may vary considerably from these assumptions. The realism of biomechanical models can be improved in the 'EMGassisted' approach that employs data from EMG studies to provide initial estimates of muscle activations, subsequently adjusted to ensure static equilibrium of net moments and forces at articulations. We did not use EMG data as inputs for the model because the complexity of the model (number of individually activated muscles included) makes EMG 'drive' impractical.
The analyses were static in that they did not include dynamic inertial effects or time delays or variation in muscle activation 'sequencing'. Spinal buckling events may be more likely to occur under dynamic conditions. The possible variations in muscle activation over time in real-life activities were therefore not included. However, the cost-function approach does predict varying activation patterns (relative activation of different muscles) as the effort magnitude increases.
A limitation of these analyses is uncertainty about muscle stiffness properties and these are poorly understood, especially the stiffness of the abdominal wall muscles perpendicular to the lines of action of the muscle fibers and the value of 'short range' stiffness that is thought to be appropriate in buckling analyses. However, the findings concerning spinal stability were found to be relatively insensitive to the values of these parameters in the analyses.
The increase in lumbar stability with abdominal muscle activation was expected, based on findings in previous studies (Arjmand and Shirazi-Adl, 2006; Gardner-Morse and Stokes, 1998; Kavcic et al., 2004) . These previous analyses have demonstrated analytically that spinal stability is generally increased with antagonistic activation of abdominal muscles, but have not been able to explore the interactions with IAP that added physiological realism to the present study. The prior models have not employed the representation of the abdominal muscles that permitted investigation of variations in the relative activation of the abdominal muscles while maintaining compatibility with the IAP, made possible here by considering the abdominal wall as a pressure vessel with curved muscles containing the pressure. More importantly, other models have not investigated relative contributions of different muscle groups as they relate to rehabilitation exercises. The stiffness of the muscle increases with its degree of activation and in these biomechanical analyses spinal stability depended on this activation-dependent muscle stiffness because the ligamentous spine is known to be unstable (Crisco et al., 1992) .
There are no experiments in which spinal instability is deliberately produced and documented in living humans with muscle activity. Buckling of axially loaded fingers may be the nearest analogous case of instability in a multi-joint system. Therefore validation of our analyses against empirical data is not possible, and these kinds of analyses 'belong to a certain category of models in science for which there are no tools for model validation' (Cholewicki and McGill, 1996) .
Because the abdominal muscles were modeled as curved structures they could contain a pressure within the abdomen and equally any tension in these muscles was necessarily associated with a rise in abdominal pressure. Thus all activities involving abdominal muscle activation required a rise in IAP in the model, and this probably explains why IAP is raised in most physiological efforts. In some modeled cases with forced activation of abdominal muscles there was no plausible analytical solution because the required muscle forces would result in a pressure higher than that specified. These cases are shown as missing values in Table 2 .
The model employed here has previously been compared with physiological behavior with regard to statics (magnitudes of internal forces in a stable equilibrium condition) (Stokes et al., 2010) . It was reported that the calculated spinal compression forces were in the range 250 N (with 5 kPa IAP and zero effort) to 1202 N (60 Nm extension effort) while in vivo spinal compression forces range from 500 N (passive standing) to 2000 N (lifting activity), based on intra-discal pressure measurements. The magnitudes of abdominal muscle activation predicted by the model were also comparable with those reported in electromyographic studies (Arjmand and Shirazi-Adl, 2006; Cresswell et al., 1992; de Looze et al., 1999; McCook et al., 2009; Thelen et al., 1995) .
The present study reports relative values of the smallest eigenvalue as a measure of spinal stability. Other analytical studies have used the 'stability index' (Howarth et al., 2004 ) as a measure of stability which is actually a product of 18 eigenvalues, and the relevance of this derived number to the most likely (i.e. smallest eigenvalue buckling mode) has been questioned (Gardner-Morse et al., 2006) . The magnitude of the smallest eigenvalue provides a comparative measure of the stability of the system, and it is nondimensional (has no physical units). Thus, the larger the eigenvalue the more stable a system is.
This study revisits the fundamental question: why raise IAP when this often requires antagonistic muscle activity? It is thought that IAP unloads and/or stabilizes the spine. Approximately, doubling the muscle activation doubles the pressure according to simplified statics. Thus, IAP and abdominal wall muscle activation are linked. Antagonistic muscle activity generally not only helps stabilize a joint, but also increases the joint loading. In the case of the lumbar spine, the associated IAP also generates an extension moment that serves to unload the spine (Stokes et al., 2010) .
Given that the degree of lumbar stability was not substantially influenced by forcing either transversi or obliques to be active at 10% or 20% of maximum activation in the biomechanical model, doubt is cast upon the proposed mechanism of action of specific abdominal muscle exercise regimens (Richardson et al., 2004 ) that have been advocated for low back pain rehabilitation. Since the present work is based on a static analysis of spinal loading, it did not address the possible effects of delays in muscle recruitment that have been reported (Radebold et al., 2000 (Radebold et al., , 2001 van Dieën et al., 2003) and shown analytically to influence spinal stability by Franklin et al. (2008) . However, earlier observations of delayed anticipatory postural adjustments of the deep abdominal muscles in people with low back pain have not been consistently substantiated in subsequent studies (Gubler et al., 2010) .
While the mechanism of action is important to understand, the clinically important question is whether or not a specific stabilization exercise regime is effective at increasing function and decreasing pain levels and recurrences in people with low back pain. Early clinical studies provided promise of the specific stabilization approach (Hides et al., 1996 (Hides et al., , 2001 O'Sullivan et al., 1997; Stuge et al., 2004a Stuge et al., , 2004b but recent studies have not substantiated these findings. For example, improvements in both activity and patients' impression of recovery were small in both the short and long terms following a motor control exercise regime in patients with chronic low back pain (Costa et al., 2009) . Koumantakis et al. (2005) added specific stabilization exercises to general exercise for people with nonspecific low back pain and reported a greater reduction in disability immediately post-treatment in the general exercise group only. Recently, a trial comparing specific stabilization exercises (called 'motor control exercises' in the study), high-load sling exercises, or general exercises did not show any overall group effects in pain levels, disability, and fear-avoidance beliefs in people with chronic low back pain (Unsgaard-Tøndel et al., 2010) and demonstrated no added benefit of specific exercises over general exercises in this population. Thus, there is no clear clinical evidence that specific stabilization exercise regimens that target specific retraining of TA and multifidus muscles are better than other forms of exercises in people with chronic low back pain (Macedo et al., 2009; Rackwitz et al., 2006; Standaert et al., 2008) . Our biomechanical analyses would suggest that preferential activation of the deep abdominal muscles does not provide additional lumbar stability and may provide insight as to why this clinical approach has not proven to provide superior patient outcomes.
Analytical studies provide support for the idea that the human lumbar spine may be at risk for buckling events responsible for sudden onset of certain forms of back pain. It is possible that individual variations in anatomy or muscle recruitment patterns could place certain individuals at higher risk of such events. The present study provides an explanation for the mechanism of the stabilizing effect of abdominal wall muscular activation associated with intraabdominal pressurization, and additionally demonstrates analytically that forced activation of selected abdominal muscle layers would not necessarily provide additional lumbar stability. However, this remains a theoretic construct that would be difficult to validate scientifically. The predictions of analytical models might be tested for validity indirectly by comparison with epidemiological studies of human populations and clinical studies of the effects of treatments such as exercise regimens and muscle re-education programs.
Conclusion
Based on predictions from a buckling model analysis pressurization of the abdomen increased lumbar spinal stability, but the degree of spinal stability was not substantially influenced by selectively forcing either transversus abdominis or oblique muscles to be active. This supports the use of rehabilitation regimens that encourage abdominal activity pressurization by activation of abdominal wall muscles, but casts doubt on the supposed mechanism of action of specific abdominal muscle exercise regimens that have been proposed for low back pain rehabilitation.
